Indoor working and living environments are increasingly exposed to low-frequency noise sources. The wellknown relationship between noise conditions and effects on human health requires the development of a proper procedure to evaluate the stress due to acoustical factors. For this purpose, an experiment, based on Soft Metrology principles, was designed to measure the changes of cognitive and physiological parameters (response time and heart rate) on a sample of 25 male and female volunteers, aged 19-29 years, exposed to three types of noise in a hemi-anechoic room. Participants were involved in a cognitive task (Stroop effect) for 10 min in four different conditions: silence, stochastic broadband multi-tonal noise (BBN), stochastic lowfrequency multi-tonal noise (LFN1), and low-frequency stationary noise with regular amplitude modulation (LFN2). All sounds were reproduced by two loudspeakers at equivalent sound pressure level of 93 dB. Results showed that in noise conditions, subjects reduced their response times. This is an evidence of growing stress, according to arousal theory. In particular, LFN1 and LFN2 produced cognitive stress comparable to stochastic broadband multi-tonal noise. Furthermore, subdividing the subjects in extroverts and introverts through the Eysenck Personality Questionnaire-Revised psychological test, it was shown that LFN1 and LFN2 produced higher stress effects than stochastic broadband multi-tonal noise on the cognitive performances and a physiological stress comparable to stochastic broadband multi-tonal noise in introverts, whereas no effects were observed in extroverts, as hypothesized by Eysenck. This result highlights the necessity in the future to consider the personality parameter as a key factor in the evaluation of the effects of noise on humans.
Introduction
It is well-documented that low-frequency noise (LFN; <200 Hz), and in general the exposure to infrasound and vibration, can have negative effects on the psychophysical health of people. 1 Numerous studies highlighted problems on sleep, psychophysical stress, deficits in physical and mental performance, and cardiovascular problems in the inhabitants of areas close to sources of noise generated by wind farms, presses, or roads driven by heavy vehicles. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] LFN is a common background noise in urban environments and is emitted by many artificial sources such as wind turbines, press, heavy-truck roads, airports, heating pumps, road vehicles, aircraft, industrial machinery, and air movement machinery including wind turbines, compressors, and ventilation or air-conditioning units. 1, 13 The effects of LFN are of particular concern due to numerous sources, efficient propagation, and reduced efficacy of many structures, such as dwellings and walls, in attenuating low frequencies compared to other types of noise. 14, 15 From 1980 to nowadays, many experiments in this research field have been performed, largely focusing attention on places where there were more complaints from citizens. Most of the works mentioned in the bibliography of this article consist of in situ measurements of sound pressure level correlated with the perceived discomfort evaluated through questionnaires. 11, [16] [17] [18] [19] [20] [21] In some other cases, this same type of evaluation was conducted in laboratory condition by headphone reproduction. [22] [23] [24] After more than 30 years of research, a huge amount of data have been produced, and many variables influencing the phenomenon have been identified. 1, 25 Many works rated that A-weighted sound pressure levels underestimate annoyance due to LFN, which can be significantly more annoying than broadband noise at comparable A-weighted sound pressure levels, and its annoyance increases rapidly with level. 1, 20, [25] [26] [27] [28] However, some of these results are inconsistent and incongruous with each other, and in several researches, insufficient attention is paid to the reproducibility conditions and the comparability of subjective data. 16, 17, 29, 30 The work hereby described uses a different methodological approach from the past works. In order to develop an experimental procedure for analyzing the effects of LFNs on humans, it is necessary to investigate topics that belong not only to the acoustics field. As a matter of fact, each measurement process that has to deal with human perception and cognition requires the synergy of different disciplines: natural sciences, on one hand, and cognitive psychology, on the other hand. Harmonization of the assumption and outputs of these seemingly distant sciences is one of the objectives of Soft Metrology, 31 a branch of the metrology to which this work belongs. It was first defined by Pointer 32 as "the set of measurement techniques and models which enable the objective quantification of properties which are determined by human perception. The human response may be in any of the five senses: sight, smell, sound, taste and touch."
The aim of the experiment is to quantify the effects of the arousal due to the presence of noise on a cognitive performance. "Arousal" is the term associated with the temporary condition of the nervous system, in response to a significant stimulus and variable intensity, characterized by a more attentive-cognitive state of vigilance and immediate response to external stimuli. 33, 34 Effects due to psychophysical stress can be quantified with a cognitive test and a physiological test: Stroop effect and heart rate monitoring in our case, respectively. The external stimulus was the presence of noise during the cognitive task, and subjects' response times and heart rates were recorded during the experiment. Furthermore, since subjects' performance could be influenced not only by the parameters under consideration (noise and difficulty in understanding the stimulus) but also by factors such as age, personality (e.g. introversion and extroversion), the subjective approach to the experiment, the ability to learn during the test, or the effects of fatigue, the analysis of the results involved normalization stages, allowing a direct comparison of the effects of noise on different subjects. 33 Such methodologies are described in section "Methodology." Results are presented in section "Results" and will be focused on the analysis of the following:
• • Normalized mean response times (NMRTs) of all subjects during the Stroop test.
• • NMRTs of introverts and extroverts during the Stroop test.
• • Heart rate monitoring of introverts and extroverts.
Methodology

Subjects
The experiment involved 25 Italian volunteers (12 female and 13 male volunteers), aged 19-29 years. Before starting the test, each subject filled a general questionnaire specifying age, occupation, musical experience, eyesight and hearing problems, and presence of noise in their daily life; signed the informative consent of participation to the experiment previously approved by the local ethical committee; participated in the audiometric test (see section "Audiometric test"); and completed the Eysenck Personality Questionnaire-Revised (EPQ-R; see section "Psychological test: EPQ-R"). A standard protocol was also used for all participants as instruction for the experiment.
Experimental setup
It is known that low frequencies are perceived by the ear and the whole body, despite body detection threshold is about 30 dB greater than ear detection. 35, 36 For this reason, it was decided not only to limit the listening to the auditory system (via headphones) but also to extend it to the whole body using two closed-box loudspeakers (15″ membrane) placed on the sides of the subjects at a distance of 1.5 m (Figure 1 ), as suggested by Schäffer et al. 37 and Cooper. 38 The experiment was set up in the hemi-anechoic chamber of INRiM of 343 m 3 , characterized by a cutting frequency of 90 Hz. It was, therefore, necessary to linearize the frequency response around the subject's position in order to compensate the spatial acoustic inhomogeneity due to room modes below 90 Hz and the non-linearity of the sound sources. For this purpose, a calibrated microphone (Brüel & Kjaer 4192) was placed in the central subject position, and the two loudspeakers generated a white noise. A digital equalizer in Sound Forge Audio Studio 10 ® was used to correct the frequency response of the whole listening system in order to get a flat curve within 2 dB between 20 Hz and 3150 kHz. This equalization was then applied to the generated noise signals described below. 
Acoustic conditions
Since the objective of our work was to examine the influence of LFN on humans, four acoustic conditions were tested during the experiment: a silence condition and three different noise conditions ( Stochastic multiple sinusoidal signals for BBN and LFN1, beyond increasing annoyance, 40, 41 were chosen so that brain could not get accustomed to these auditory stimuli, 42 thus avoiding temporal drifts in the evaluation of noise effects. On the contrary, the low-frequency stationary noise without any tonal component and with a regular amplitude fluctuation (LFN2) was chosen in order to be more similar to the frequency spectrum of a typical environmental LFN, such as wind turbine noise (e.g. 2-MW Vestas V90 turbine).
The duration of BBN and LFN1 was of 80 s in order to reproduce many combinations of multiple sinusoids, while LFN2 lasted 10 s in order to represent at least 10 amplitude fluctuation cycles.
However, all signals were played on loop in order to adapt to any possible performance time. Noises were coherently administered to all subjects, in order to reproduce the same acoustic conditions for all. Audio files are available online for download (see Supplementary material).
All noises were administered at equivalent sound pressure level of 93 dB (namely, 93 dB(A) for BBN, 80 dB(A) for LFN2, and 67 dB(A) for LFN1), so that all spectra simultaneously exceeded the threshold of 60 dB(A) to have measurably visible effects on human performance and anxiety. 43 The choice of a linear target equivalent sound pressure level instead of an equivalent A-weighted sound level was due to the fact that A-weighting is not representative of the influence of LFN on humans, as stated in many works reported in the "Introduction" section, especially for high sound levels (>80 dB) where the loudness difference between low and high frequencies becomes smaller. In particular, it is important to remember that amplitude of LFN2 of 80 dB(A) is not representative of a typical A-weighted sound pressure level of wind turbine noise in dwellings, which is between 30 and 45 dB(A), 16 as all sound signals had to simultaneously overcome the threshold of 60 dB(A), and our aim was not only to investigate the influence of outdoor or indoor wind turbine noise on humans at actual sound pressure levels but also to test the effects of a typical LFN on human performances, taking into account only its frequency spectrum.
Audiometric test
Before the experiment, subjects performed an audiometric test in order to have a qualitative evaluation of subjects' hearing. An iPad application ("Pocket-Audiometer") was used to generate sinusoidal signals through headphones. Results of the iPad application were previously compared to an official audiometer test to check its reliability, and differences resulted to be in the order of 10%, thus good enough for our aims. As a standard hearing test, the reproduced sounds have a frequency band between 125 and 8000 Hz (125-250-500-1000-2000-3000-6000-8000) at a variable sound pressure level from 5 to 100 dB(A). In Figure 3 , the results from two audiometric tests are shown as an example, where dB(HL) corresponds to dB hearing loss, the unity used in audiometry. A 45 dB(HL) (moderate deafness) was set as exclusion threshold. None presented values below this threshold.
Psychological test: EPQ-R
Some interesting experiments have examined the effects of noise on excitement, mood, and cognitive performance, denoting a different behavior of introverts than extroverts. 44, 45 In particular, it has been shown that the presence of white noise at 60 dB(A) provokes greater stress in the introverted subjects rather than in extroverts, 44 as hypothesized by Eysenck's personality theory. 46 Likewise, it has been verified that cognitive performance (reading comprehension) is affected by mistakes in the introverts but not in the extroverts 44 or that introverts are more detrimentally affected by the presence of music and noise than extroverts in performing the Stroop test. 45 For this reason, the standardized questionnaire EPQ-R 46 was used to group tested subjects into "extroverts" or "introverts." It consists of 100 generic and personal questions in English language (there is an official translation in several languages, including Italian) divided into four sub-groups:
• • E: scale that outlines extroversion; • • L: scale that outlines the subject's sincerity in answering questions; • • P: scale that outlines psychoticism in subjects; • • N: scale that delineates neuroticism in subjects.
Following the analysis of the data, the population was then distributed in two groups (extroverts and introverts) to examine the cognitive performances separately and be able to perform a comparison.
Cognitive test: the Stroop effect
After the audiometric test and the EPQ-R test, subjects began the Stroop effect by answering 210 questions via computer, in a silence reference condition and during the reproduction of the three noises described. The computer acquired the response time of each question. Stroop effect administration and response time acquisition were managed by software developed in Python ® by the authors. Discovered by Stroop 47 in 1935, the test allows measuring the dilation of response time in humans. If the name of a color is written with a color that is not the one indicated by the word (e.g. the word "viola" in Italian, translated as "purple" in English and printed with red ink), recognizing and choosing the color of the word takes longer than when significance and meaning coincide. The Stroop effect, often used in experimental psychology, permits to measure a person's selective attention capacity and skills, as well as his or her processing speed ability. It is a very robust cognitive task since it does not require particular training or previous knowledge and allows comparing the results of different subjects. It is also easy to vary the degree of complexity of the task. Two levels of difficulty (simple and difficult levels) were provided ( Figure 4) . In the simple level, the three possible answers were presented in white, whereas in the difficult level, the answers were randomly colored.
In total, five colors and their names were chosen, and all their combinations were used both in question and answer fields (for the difficult level). The test consisted of the following:
• • A total of 5 times, 32 questions (i.e. 5 × 32 = 160 questions in total), equally subdivided into simple and difficult ones (16 and 16), in a sequence in which silence or noise conditions alternate. Specifically, the first and the last sections were performed in silence; the other sections provided noise reproduction and were arranged in a different order from subject to subject, to minimize systematic effects. • • A total of 50 trivial questions (where there was no Stroop effect and the subject should simply indicate the color that was depicted in the center of the monitor) posed randomly by groups of 10 during the test. Each section was interrupted by 20 s of pause.
The total number of questions was thus 210, but the first response of each section for each difficulty level was discarded, that is, 10 responses. As a matter of fact, the change from a condition where the subject became accustomed to the next one may lead to anomalous response times as influenced by disturbing factors such as surprise or ability to understand the new exercise.
First normalization: baseline of trivial questions response times. In Figure 5 , a summary of the constitutive elements of a total response time occurring during a question is shown. Response times depend, for obvious reasons, on the type of stimulus given in the test but also vary from subject to subject because of age, gender, personality, and ability to use the graphical interface chosen to record the responses. In time order 1. The subject perceives the stimulus given by the question; 2. He or she cogitates and decides an answer; Figure 4 . Example of a test display in Italian. In the middle of the screen, the word questioned is displayed, and at the bottom of the screen, the three possible answers are selectable by a mouse click. White answers (left) correspond to the simple task and colored ones to the difficult task (right).
3. The subject reacts with an action (mouse click); 4. The machine reacts by recording the answer.
The total response time is thus the time interval between the application of a stimulus and the detection of a response. The effective response time is instead the time that a subject takes to ponder and decide an answer. The reaction time is the summation of the time for the question to be shown by the computer (computer reaction), the time required by the subject to perceive a stimulus and the time to react with an action (e.g. mouse click). Of these, only the effective response time, that is, the dilation of time during reasoning and decision, is influenced by psychophysical stress and learning. For this reason, the reaction time acts as a reference baseline, which is identified for each subject averaging the total response times of the 50 trivial questions, which had no reasoning or pondering components. 33 In this way, the baseline of each subject was subtracted to the total response times in order to evaluate the effective response times (from this point forward shortened to response times).
Second normalization: correction for fatigue and learning effects. In order to correct results with a second normalization process that took into account the subject's ability to learn or tire throughout the duration of the test (about 10 min in our case), it was necessary to compare two analogous but temporally distant conditions. Therefore, the response times provided in the two silence conditions, one at the beginning of the test and another at the end of the test, were chosen.
A linear fit y = mx + q was performed for each subject, where m is the angular coefficient. Two examples are depicted in Figure 6 . A positive value represents fatigue (i.e. an increase in response time at the same conditions), and a negative value denotes instead that during the test the subject learned a method to answer the questions faster. From the data analysis, it emerged that for the population taken into account m encompassed between −0.0061 and +0.0007. Multiplying the angular coefficient m by all question numbers during noise conditions, the correction values Δy to be added to each response time were obtained. Correction values Δy were in order of 10%, as average, with respect to the measured response time. Following this process, all response times were corrected on the basis of their tendency to tire or learn, thus obtaining the final normalized response times. 
Physiological test: heart rate monitoring
During the test, the heart rate of the subjects, used as physiological parameter, was monitored during the experiment. For this purpose, each subject was wearing a sensor on the chest with a strap in order to be worn comfortably. The sensor was a commercial device (Wahoo fitness) connected via Bluetooth to a smartphone with a dedicated app. The sampling rate was of 1 Hz, and data were given in beats per minute (bpm). The heart rate was recorded for the whole duration of the experiment and during a quiet and relaxed condition 15 min before starting the experiment, that is, during the completion of the questionnaires, in order to evaluate a baseline also for this parameter.
Results
Stroop effect
Normalized mean response times of all subjects. The core of data analysis was the application of a method that allowed relating the response times of all subjects to the object of investigation, that is, the effect of noise on human concentration and cognitive performance. To do this, the test was designed in order to apply the two normalization processes explained above:
• • The response time baseline, which allowed describing the "natural" behavior of the subjects in the reference condition (trivial questions)-this made the comparison of the slower or faster results of subjects possible without "polluting" the end results. • • The tendency to tire or learn: by comparing questions posed in the two silence conditions at the beginning and at the end of the test, it was possible to monitor the subject's tendency to improve or worsen his or her response time in comparable conditions. Correcting the response time given in test condition according to the sign and the value of m, it was, therefore, possible to compare all the questions regardless of whether they were placed at the beginning or end of the whole experiment.
After the application of the normalization processes, the normalized response times of each subject in each acoustic condition (silence, BBN, LFN1, or LFN2) for each level of difficulty (i.e. 15 response times) were averaged in order to obtain the normalized mean response times (NMRTs).
In Figure 7 and Table 1 , results of simple and difficult tasks in the four acoustic conditions are reported. As expected, NMRTs of simple task were shorter than those related to the difficult task. NMRTs of the four acoustic conditions were very similar for the simple task, whereas NMRTs of the difficult task slightly decreased in noise conditions. Negative values mean that the subject decreased his or her response time compared to his or her baseline response time during trivial questions. However, such values do not affect the outcomes of the analysis.
The normality test of Shapiro-Wilk for a significance level of 0.050 revealed that NMRT distributions of simple task in the four acoustic conditions were normal, while most of distributions of difficult task were not normal ( Table 2 ). To make the analyses comparable, non-parametric statistic tests were subsequently used.
To understand whether any differences across NMRT distributions between the four acoustic conditions exist, a comparison was performed applying the Friedman non-parametric test for nonindependent groups. This test extends the Wilcoxon signed-rank test to more than two groups and is able to reveal whether a significant difference between groups exists. Once a significant difference is found, Wilcoxon signed-rank test can be applied analyzing the four samples in pairs so that it can be understood which pair of distributions is significantly different.
According to the Friedman test, there was a statistically significant difference between groups of the difficult task (p = 0.022). Post hoc analysis with Wilcoxon signed-rank test was conducted with and without the application of the Bonferroni correction, resulting in a significance level set at p = 0.008 and p = 0.050, respectively.
Results of the Wilcoxon signed-rank test given in Table 3 for simple task did not show any statistically significant difference between the NMRT distributions in the four different acoustic conditions, whereas Table 4 for the difficult task revealed significant differences between the acoustic conditions. In particular, strong significant differences were found between silence and BBN conditions, between silence and LFN1 conditions, and between silence and LFN2 conditions, while no difference between noise conditions was found. This final outcome reveals that the decrease in the NMRTs in BBN, LFN1, and LFN2 acoustical conditions is not due to chance and that such decrease is analogous in all noise conditions. A shorter response time corresponds to a greater stress for the subject. This is partially explained by arousal theory, described in the NMRT: normalized mean response time. p < 0.008; p < 0.050; x p > 0.050. "Introduction" section. This confirms that BBN, LFN1, and LFN2 significantly contributed to stress at the same level. 28, 29 Normalized mean response times of introverts and extroverts. Successively, subjects were divided into introverts and extroverts on the basis of EPQ-R. Scores of all subjects ranged between 2 and 22, out of 23, and according to the Shapiro-Wilk test for a significance level of 0.050; the associated distribution was normal (p = 0.179). Since no specific threshold is set for introversion and extroversion, a statistical approach found in the literature 44 was subsequently used: introverts and extroverts were extracted from the lower and upper 30th percentile of the distribution, respectively, that is, subjects with scores ≤8 and ≥18, which resulted in a total of six introverts and six extroverts. The remaining 13 subjects could not be considered neither introverts nor extroverts.
In Figure 8 and Table 5 , box plots and results of NMRTs of the six introverts and the six extroverts are reported. For the simple task, averaged NMRTs in the four acoustic conditions were similar for both introverts and extroverts, whereas for the difficult task, only introverts' averages were shorter in noise conditions than in silence condition, with a minimum value in the LFN2 condition. In addition, the standard deviation of extroverts' distributions was clearly much larger than for introverts. This underlines the intrinsic variability of extroverts' behavior. Shapiro-Wilk test (Table 6 ) revealed that all NMRT distributions were normal (p > 0.050). Friedman tests and Wilcoxon signed-rank tests were used in order to evaluate the presence of significant differences between the distributions in the four acoustic conditions.
Friedman test showed a significant difference only between the groups of introverts for the difficult task (p = 0.042). This was also confirmed by Wilcoxon signed-rank test results, which showed that for the simple task, no significant differences were found in introverts and in extroverts, whereas for the difficult task (Tables 7 and 8 ), significant differences (p < 0.050, without Bonferroni correction) between silence and LFN1 conditions and between silence and LFN2 conditions were found only for introverts and not for extroverts. This final outcome revealed that extroverts were not influenced by any type of noise in performing the Stroop test, in accordance with Eysenck theory and other works found in the literature. [44] [45] [46] In addition, since no difference was found between silence and BBN conditions, influence of LFN conditions was predominant on introvert subjects, especially for LFN2, which revealed a further significant difference with respect to the BBN condition.
Heart rate monitoring of introverts and extroverts
As stated before, the heart rate was recorded along the whole experiment and during a quiet and relaxed condition 15 min before starting the experiment, acting as baseline. During the experiment, an increase in heart rate was found in introverts, while no change was observed in the extroverts. This confirms that these two groups behave differently, especially when exposed to noise. In the examples depicted in Figure 9 , it is clear how the heart rate of introverts was faster than for extroverts. In general, heart rate peaks of introverts were higher in noise conditions than silence condition. Nevertheless, heart rate peaks of introverts did not occur during a particular type of noise but were randomly distributed depending on the subject. Therefore, it cannot be stated that LFN1 or LFN2 had a larger effect than BBN in this case.
Conclusion
An experiment was designed and presented to evaluate the effects of LFN, in particular, a stochastic low-frequency multi-tonal noise (LFN1) and a low-frequency stationary noise with a regular amplitude modulation of 1 Hz (LFN2), compared to a BBN, on human cognitive performances in laboratory conditions. The cognitive performance of subjects was evaluated through the Stroop effect in which response times were recorded. The heart rate of subjects was also monitored during the experiment, acting as a physiological output. The experimental design method was based on Soft Metrology principles, allowing a direct comparison of subjective results to better understand and quantify the effects on human cognitive performances. In total, two normalization processes were introduced and applied in order to improve the accuracy in the measurement of complex Figure 9 . Temporal evolution of the heart rates of an introvert subject (left) and an extrovert subject (right) during the experiment. Green and red lines correspond to the mean and the standard deviation of the baseline, respectively, measured in a quiet and relaxed condition before the experiment.
parameters related to human perception and to provide the tools for comparing results coming from different people or from different experiences: (1) the evaluation of a baseline for the response times of each subject in the Stroop test based on trivial questions and (2) the correction of the response times to compensate possible learning or fatigue effects.
Results showed that, on average, subjects decreased their response times in the noise conditions with respect to the silence condition. A shorter response time corresponds to a greater stress from the subject, according to the arousal theory. The only significant results were those obtained in the three conditions of noise compared to the silence condition. This confirms that although the A-weighting was not applied, LFN1 and LFN2 were as stressful as BBN. This outcome entails the necessity, in the future, to further investigate a proper weighting procedure that takes into account not only the auditory perception of low frequencies but also their whole-body perception and their effects on human performances, stress, and annoyance.
Another crucial outcome is the identification of the "personality" parameter, based on EPQ-R, as a factor influencing the evaluation of the effects of noise on human cognitive performances. As a matter of fact, results showed that only LFN1 and, in particular, LFN2 had more and significant stress effects than BBN on introverts but no effects on extroverts. Furthermore, the heart rate significantly increased in introverts during the experiment compared to a quiet and relaxed condition before the beginning of the Stroop effect, while extroverts did not show any change.
This result, although limited to few subjects between 19 and 29 years of age, thus not representative of all citizens, highlights the necessity to consider the personality parameter in the future as a key factor in the evaluation of the effects of noise on humans in indoor conditions and could be useful in the future to understand why the annoyance of citizens against road noise, industrial, or generated wind turbines is not always unanimous. 48 These results confirm the necessity of further researches on this topic in order to increase the number of case studies and to support the work of policymakers and urban sound planners 49 who play a fundamental role in the regulations of environmental noise pollution. Another possible future work could be to check to what extent the visual stimuli of the sound source can have an impact on the heart rate compared to non-visual stimuli or with green space background.
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Supplementary material
See https://drive.google.com/drive/folders/12dpJ0SyHR2wxbXw_SOzts1lm4PccJ4Pt?usp = sharing for the download of the compressed audio files (MP3 format) of stimuli to obtain an audio impression.
